Abstract -This paper describes the simulation and experiment for partial discharge (PD) pulse propagation in 22.9kV CNCV power cables. To investigate the propagation characteristics of PD, experiments are carried out by injecting the PD pulse in 100m-long 60 mm 2 CNCV cable in the laboratory. The characteristics of PD are also simulated using EMTP to investigate and analyze PD in the same cable. By comparing the simulation and test results, parameter permittivity is recalculated by considering semiconducting screen in the process of simulation and analysis of PD. After it is proved that simulation results and test results are almost similar in the laboratory, extensive simulations are performed to analyse various PD characteristics such as propagation velocity, attenuation, etc. in 60 mm 2 and 325 mm 2 CNCV cables.
Introduction
Faults in underground power transmission and distribution cables are due to the insulation deterioration. Partial discharge (PD) takes place at the deteriorated point of the power cable. It progresses to the breakdown of the insulation after time has passed. Therefore, in order to reliably operate the power cable system, it is necessary to carry out an accurate on-site PD diagnosis. Many studies have been focused on studying PD in areas such as PD generation mechanisms [1] , PD detection algorithms [2] [3] [4] , and PD analyzing methods [5] . Especially, the noise discrimination from the PD pulses is still a main issue for on-site PD measurement. The analytic methods related to the PD pulse wave shape and the pulse arrival time have been adopted for better noise rejection of the PD diagnosis in the power cable system [1] [2] [3] [4] [5] .
In case of long distance between the PD source and the PD detection sensor in the cable, PD signals would be measured with different magnitudes. Sometimes these PD pulses cannot be detected because the magnitude of the PD pulses becomes decreased and its high frequency components become seriously attenuated along the cable from the PD source. In addition, due to the different electrical impedances of the cable, joints and terminations, the propagated PD pulses can be reflected and piled up so as to become a new pulse, which results in different PD pulses based on where the detecting position is. These make it difficult to measure and analyze the real PD phenomena.
Due to the limitation of the cable length, it is not easy to investigate the PD propagation characteristics through the experiment in the laboratory. Furthermore, it is almost impossible to analyze various cases of on-site situations in the laboratory. Therefore, the computer simulation and analysis for the PD propagation in various cases of the cable systems are needed for better understanding PD.
However, PD signals have very broad frequency characteristics from kHz to GHz, and they propagate in complex cable structures with inner and outer semiconductive layers through joints and terminations, which makes it difficult to simulate the PD propagation and their pulse waves. Therefore, frequency response considering semiconducting screen in underground cables as well as simple simulation analysis has been reported [6] [7] [8] [9] [10] [11] [12] .
In this study, PD experiments have been done in real cable of 100m long 60 mm 2 22.9kV CNCV of in the laboratory. Based on the experimental result, PD pulse velocity and attenuation of the magnitude are obtained. At the same time, simulations of PD are carried out and analyzed using EMTP on the same distribution cable. Especially, permittivity is recalculated in detail by considering the semiconducting screen in the process of simulation and analysis of PD. After it is proved that simulation results show high similarity to those tested in the laboratory, simulation and analysis of PD are performed on 60 mm 2 and 325 mm 2 22.9kV CNCV cables that are operating actually in real fields.
Authors are confident that the results obtained in this paper will be used as important technical materials to detect and investigate PD generated in transmission and distribution power cables.
Propagation Constant of Power Cable
Impedance Z and admittance Y in power cables are expressed in Eqs. (1) and (2), where, R, L, C, and G are resistance, reactance, capacitance, and leakage conductance per unit length, respectively.
Propagation constant (γ and characteristic impedance (Z C are expressed in Eqs. (3) and (4).
where α is an attenuation coefficient with unit Nepers/m and β is a phase angle coefficient. If the unit of α is converted to dB/m, the attenuation coefficient of Eq. (3) can be rewritten as Eq. (5). On the other hand, Eq. (6) means voltage decreasing according to length of cable. Propagation velocity is calculated by Eqs. (7) using β.
Zα dB m ⁄ α 20 log 8.686
Propagation constant depends on the characteristics of cable material, geometric structure, and frequency in Eqs. (3-7). Especially, permittivity of insulation material and semiconducting screen affects the propagation constant strongly, because it is frequency dependent. Semi-conducting screen affects various XLPE cables which have low permittivity. In particular, PD existing in high frequency domain over MHz receives very sensitive effect.
Therefore, more detailed insulation structure as shown in Fig. 1 considering semiconducting screen should be used to analyze the propagation characteristics. In general, relative permittivity of semiconducting screen is about 1,000 F/m, but it can be varied according to the quantity of carbon and structure. In IEC 60840, 1,000 [Ωm] in inner semiconducting screen and 500 [Ωm] in outer semiconducting screen are required, respectively, on power cables.
It is difficult for the inner and outer semiconducting screens of power cable to be modeled using CABLE PARAMETER of EMTP. Therefore Simplified Approach (SA) and Rigorous Approach (RA) methods that can consider the semiconducting screens in CABLE PARAMETER were suggested in CIGRE WG 21-05 [9] [10] , where SA is the method to recalculate the permittivity using capacitance from semiconducting screen regarded as insulation, RA is modeled by Cole-Cole Function.
In this paper, semiconducting screen modeled by EMTP is suggested, and frequency dependency characteristic of permittivity is analyzed to evaluate the more detailed propagation characteristic result.
In general, admittance Y is much more seriously affected than impedance Z by semiconducting screen. Accordingly, frequency dependency characteristic regarding relative permittivity of insulation and semiconducting screen is analyzed by Cole-Cole Function in Eq. (8) 
where τ and τ are the relation times, σ C is the DC conductivity, A and A are amplitude factors, α and α are numbers describing the broadness of the relaxation peaks. Cable cross section is illustrated in Fig. 2 . Table 1 shows the parameters of the semiconducting screens.
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